A constitutive model of the volumetric behaviour of bentonite aggregates is proposed. The model is based on a state function to define the inter-aggregate (microstructural) void ratio and on a mass transfer function to calculate the mass exchange between macrostructural and microstructural water. Although both functions have been used previously for clay soils, their application beyond the range for which they were derived is proposed. To evaluate whether this extrapolation is valid, data on the swelling of individual bentonite aggregates are analysed. This novel aspect of this study is significant because it is not common to analyse microstructural data directly without introducing any hypothesis about the behaviour of the macrostructure. Despite the lack of a more intensive validation, which will be conducted when more experimental data become available, the results obtained have been satisfactory.
Introduction
Expansive bentonite is a clay soil with significant engineering applications, especially in the construction of municipal and industrial waste landfill liners (US EPA, 1993) and barriers for the storage of spent nuclear fuel (see, for instance, Chegbeleh et al., 2008; Cui et al., 2002; Gens et al., 1998; Pusch, 1992; Pusch and Weston, 2012; Yong, 1999b) . Important contributions to the modelling of the bentonite behaviour have been made. Particularly relevant are the advancements presented at important conferences, such as the 3rd International Conference on Expansive Soils held in 1973 in Haifa (Israel), the International Symposium on Soil Structure, held the same year in Stockholm (Sweden), and the workshop 'Microstructural modelling of natural and artificially prepared clay soils with special emphasis on the use of clays for waste isolation', which was held in 1998 in Lund (Sweden) (Issues 1 and 2 in volume 54 of Engineering Geology; Pusch, 1999; Yong, 1999a) . At this last workshop, Alonso et al. (1999) presented the 'Barcelona Expansive Model' (BExM), which was based on the conceptual approach proposed by Gens and Alonso (1992) . The model is based on the idealisation of the bentonite structure as having two structural levels, a macrostructure and a microstructure.
BExM has proven to be a powerful tool for characterising the behaviour of bentonites (see, for instance, Lloret et al., 2003) , thereby demonstrating the power of conceptual models based on double porosity approaches.
It is therefore of great interest that progress is made in the macroscopic characterisation of the microstructure behaviour of bentonite. This is not a simple task because it is not easy to obtain isolated information about microstructure behaviour, i.e., information about the microstructure that is not coupled to macrostructural processes. Data on bentonite aggregate deformability available from Montes-H (2005) , Montes-H et al. (2003a; 2003b; 2005a; 2005b) , Farulla et al. (2010) , and Romero et al. (2011) are consequently very useful. In those studies, environmental scanning electron microscopy (ESEM) was combined with digital image analysis to identify individual bentonite aggregates, characterising their area variation as a function of environmental relative humidity.
ESEM images are sensitive to working conditions. Particularly, when monitoring microstructural changes along drying and wetting paths with varying gas pressures (as done by Montes-H and co-workers), it is important to maintain a constant working distance (Romero and Simms, 2008) . However, if the ESEM images are obtained carefully, they provide information that is valuable for understanding the behaviour of soil microstructure (Romero and Simms, 2008) . In the following sections, a constitutive model for the volumetric behaviour of bentonite aggregates is proposed, and the experimental results obtained by Montes-H (2005) and Montes-H et al. (2003a; 2003b) are used to assess its range of applicability and limitations.
Aggregate concept and aggregate deformability
A bimodal pore size distribution is evidenced in compacted bentonite from mercury intrusion porosimetry (MIP) tests (Alonso et al., 1987; Collins, 1984; Collins and McGown, 1974; Pusch, 1982) (Fig. 1) . The predominant smaller pore sizes are in the vicinity of 10 nm and correspond to pores inside clay aggregates.
The predominant larger pore sizes of the MIP-bimodal distribution depend on the dry density, which depends of the compaction load (e.g., 10 µm for dry density ρd=1.8 g/cm 3 and 40 µm for dry density ρd=1.5 g/cm 3 ) (Lloret et al., 2003; Romero, 1999; Romero et al., 1999) . Despite the pore size distribution being a continuum, a boundary between the two pore families, that is, between the intra-aggregate porosity and inter-aggregate porosity, has been identified at approximately 100 nm by different authors (Romero and Simms, 2008; Lloret et al., 2003; Romero, 1999) . Pores smaller than this size do not appear to be affected by the level of the compaction load (Montes-Hernandez et al., 2006; Lloret et al., 2003; Romero, 1999) . As other authors have done (see, for example, Romero and Simms, 2008; Lloret et al., 2003; Pusch and Moreno, 2001; Romero, 1999; Romero et al., 1999; Pusch, 1982) and as proposed by Gens and Alonso (1992) , the bimodal pore size distribution of the soil is idealised in this study using a double porosity model.
Macroporosity is associated with the inter-aggregate pores. The soil deformation is due to the rearrangement of the granular-like skeleton formed by the aggregates. Therefore, its behaviour may be described by 'conventional' models for the unsaturated soil mechanics (Lloret et al., 2003) , as the Barcelona Basic Model (Alonso et al., 1990) . The microstructural level is associated with intra-aggregate porosity due to intersheet voids as well as interstack voids. One sheet is 'the smallest building of clay'. A montmorillonite sheet has a 2:1 structure and is formed by an octahedral aluminium oxide layer sandwiched between two tetrahedral silicon oxide layers (see van Olphen, 1977) . The sheets are approximately 1 nm thick and are typically between 50 and 300 nm long in the other directions (Neretnieks et al., 2009) . A number of sheets held together mostly face to face is known as a 'stack' (Figs. 2a and b). When sodium is the dominant counterion, the stacks consist of one sheet or a few sheets (Cadene et al., 2005) . When calcium dominates, the stacks typically consist of 5 to 15 sheets or more (Pusch and Yong, 2006) . Aggregates are formed by the agglomeration of stacks that are held together more loosely than the sheets in stacks.
As Fig. 2c shows, the stacks are not necessarily arranged in a parallel mode inside the aggregates. In addition, heterogeneities can be produced in the interior of the This abstraction approach is not new because it is already implicit in the concept of the 'average separation' or 'mean distance' between sheets, λ * (see, for example, Bourg et al., 2006; Karnland et al., 2005; Zhang et al., 1995) , which is related to em according to the following equation:
where δS is the sheet thickness, which is approximately 1 nm. In Equation 1, λ * corresponds to a real physical magnitude (the 'true' distance between sheets) only if the aggregates are formed by parallel stacks with only one sheet per stack. This can be assumed to be true of Na bentonite when the aggregate has a very open structure and both λ * and em have large values. However, for 'dry' clays, where λ * can be as small as 0.3-0.5 nm (Pusch and Yong, 2006) , λ * must be considered an estimate of the average distance between sheets.
In the past, several equations have been proposed for estimating the value of λ * . In this thesis, the equation proposed by Low and co-workers (see Low, 1979 Low, , 1980 Low, , 1987 Low and Margheim, 1979) has been adopted. According to Zhang et al. (1995) , the equation can be formulated as follows:
where π is the swelling pressure, PATM is the reference atmospheric pressure, and b and k are model parameters. Using Equation 1, Equation 2 can be rewritten as a function of em as follows:
where the microstructural deformability parameter k introduced in Equation 2 is maintained but the b parameter has been replaced by emO, which is the microstructural void ratio when π = 0 (that is, when only the atmospheric pressure is applied).
Equation 2 was proposed for the gels of oriented clay particles (Zhang et al., 1995) in which λ * had values larger than 1 nm, that is, microstructural void ratios greater than 1. Therefore, its validity must be questioned for lower values of em when the aggregates maintain a high level of internal structure. Data obtained by Montes-H et al. (2003b) can be used to examine this issue. In their experiments, the initial water content of the bentonite was 10.8%. Assuming that virtually all of the water was in the micropores, it follows that the initial microstructural void ratio em-ini was equal to 0.29, which was far below the range of values suggested by Zhang et al. (1995) . It is interesting to note that 0.29 is close to the reference intra-aggregate void ratio that was identified by Romero et al. (2011) for several soils. This void ratio is associated with a situation in which the macropores are completely empty even though the micropores remain saturated.
The surface area variations determined by Montes-H et al. (2003b) in individual MX 80 bentonite aggregates were examined using digital analysis of images obtained from ESEM. In the tests, the RH increased from 2.5% to the values indicated in Table 1 . It is interesting to note that after each swelling step, the individual aggregate identified in each test was subjected to a shrinkage process, returning to an RH of 2.5%. A new swelling step was applied afterwards. In all cases, fully reversible behaviour was observed, with the same initial surface area always being recovered at an RH = 2.5%. This result agrees with the proposals of other researchers (see, for example, Gens and Alonso, 1992; Hueckel, 1992; Quirk, 1994) , and also supports the validity of expressions such as Equation 3, in which only one-to-one expressions of em are considered.
RHini (%)
RHend ( Edlefsen and Anderson (1943) :
where µVO(T  ) is the chemical potential of water vapour over a flat surface of pure water at an absolute temperature T, and R is the universal gas constant. However, according to Karnland et al. (2005) , µm can also be defined as follows:
where the reference pressure pO is the vapour pressure set by pure water (that is, the pressure of water vapour in equilibrium with free pure water), pC is the vapour pressure set by the clay (that is, the change from pO induced by clay particles), pIE is the vapour pressure set by the ions (the change from pO caused by the presence of ions), WMM is the water molecular mass, σ is the mean net stress applied to the soil, and ρW is the water density. Several authors have shown that the density of interlayer water on clay sheets may be higher than that of free water. However, in this thesis, as suggested by Tournassat and Appelo (2011) , both densities are assumed to be equal for modelling purposes.
In the ESEM chamber, σ was zero. Based on the water activity values given by Montes-H et al. (2003b) , it can be assumed that pIEpO in the tests. Keeping these simplifications in mind, as well as the fact that under low salinity conditions it is common to define the swelling pressure π as follows:
and therefore: Therefore, for an RH of 2.5% and an initial temperature of 50ºC, π was approximately 551 MPa. This is a very high value, as can be observed in Fig. 3 , which shows the results from many 'conventional' swelling pressure tests (isochoric tests usually carried out in adapted oedometers). From the dry density and mean distance between sheets data provided by these tests, it was not possible to differentiate between macro and micro void ratio values. However, the total void ratio values obtained indicate that for swelling pressure values as high as 551
MPa (much higher than the experimental values shown in Fig. 3) , it seems reasonable to assume void ratio values as low as 0.29 (lower than the majority of the data in the figure) . The consistency of this microstructural void ratio value is even more evident if the validity of the basic hypothesis used to derive it is considered, i.e., that practically all of the existing water in the soil at the beginning of the test was contained inside the aggregates. For this purpose, it is useful to express the relative humidity in terms of an 'equivalent environmental suction'
sENV. This yields an equation similar to Equation 8, with sENV instead of π (see Romero, 1999, for example) . According to the model for the suction-water content relationship proposed by Romero (1999) , when this suction is larger than 2 MPa, a large proportion of the water is in intra-aggregate pores, and becomes fundamentally intrastack water (as illustrated in Fig. 2 ) when suction is larger than 160 MPa. Therefore, it is reasonable to assume that at 551 MPa, the water is microstructural water. It should be indicated that the concept of 'swelling pressure' is often used to refer to different processes. When this term refers to the results of swelling pressure tests (for example, the standard ASTM D4546-08 (ASTM, 2008)), it has a mechanistic meaning, depending on the test conditions. The swelling pressure is the response to a boundary condition, and depends also on the initial conditions of the bentonite, and on the deformability of its macrostructure. However, when authors such as Low and co-workers (see, for example, Zhang et al., 1995, and references therein) use this concept, it has a thermodynamic meaning that is directly related to the chemical potential of microstructural water. It is also the case of this chapter. Moreover, it is worth to stress that, in accordance with Equations 5 and 6, the swelling pressure was not interpreted as the pressure exerted by the aggregates when swelling occurs in any kind of condition. Rather, it was interpreted as the pressure exerted when the aggregates swell in pure water, that is, when all the vapour pressure is set by the clay skeleton.
In Table 1 
Mass exchange between macropores and aggregates
The previous section analyses how the microstructural void ratio varies when, after the RH was increased, the aggregate reached equilibrium and its surface area remains constant. However, when the RH in the ESEM chamber increases, a transient process occurs before reaching equilibrium, as observed in Figs. 5a and Groot and Mazur, 1984) , the water mass exchange of water may be determined from the following equation:
where α is a phenomenological transfer coefficient and µM is the chemical potential of the water in the aggregate boundary, that is, in the macrostructural voids.
According to Edlefsen and Anderson (1943) , it may be computed as: exclusively in the interlayer of a Ca montmorillonite. Their data are plotted in Fig.   6 , where the time required to reach 90% of the equilibrium value t90 is shown for the relative abundance of bihydrated (%2W) and dehydrated layers (%0W), as well as for the layer thickness of monohydrated (LT1W) and bihydrated (LT2W) layers. In all cases, at the initial equilibrium conditions the temperature was 25ºC and the relative humidity was 60-65%. The temperatures identified as 'boundary temperatures' in Fig 6 were imposed until a new equilibrium was reached. The amount of water absorbed in the smectite interlayer was determined using X-ray diffraction profile modelling. The reference value defined by the saturation pressure of water vapour over a flat surface of pure water increased with increasing temperature. Consequently, the relative humidity decreased, and µM became smaller than µm, giving rise to a flow towards the macrostructure and to dehydration of the microstructure. For larger temperature differences, the ratio µm  / µM was larger, and the flow was faster (lower t90), as shown in Fig 6. Although the scale of the interlamellar water phenomenon makes it difficult to identify patterns that characterise processes at the aggregate level, it raised the consideration of using the formulation proposed by Alonso and Navarro (2005) .
However, those authors proposed the formulation to model secondary compression processes, in which the differences between µM and µm are far inferior to the ones produced in the swelling processes considered here. Therefore, the validity of the formulation was assessed by analysing the transient processes shown in Figs. 5a and b.
The variation of π was determined using Equation 8, the evolution of em  /emini was calculated using Equation 9 taking the current aggregate surface area A instead of its final value Aend. The evolution of A was experimentally determined by Montes-H et al. (2003b) .
Since the variations in em are a consequence of the hydration process, when applying the mass-balance equation proposed by Navarro and Alonso (2001) to an individual aggregate, the time derivative of the microstructural void ratio is given by the following equation: In the non-linear formulation for α proposed by Alonso and Navarro (2005) , cm can be calculated as follows:
where the constant β is equal to α  ·WMM  ·(ρW) -1 , and Equation 7 has been used to transform µm into π. The value of πB can be determined from µM and may be interpreted as the water pressure potential that the boundary imposes on the aggregate. H and C are constitutive parameters. H defines the water mass transfer at the end of the process (π = πB), and C defines the way in which the mass transfer term changes as π approaches πB.
Therefore, if Alonso and Navarro's (2005) Table 2 . These values are consistent with those identified for other clays by Navarro and Alonso (2001) and by Alonso and Navarro (2005) . Hence, the results support the validity of the formulation defined by Equation 15.
For the values of C and D in Table 2 was used to obtain the value of π that was used in the calculation of the (x2, y2) points in Fig. 7 
Conclusions
A model for double porosity in bentonite has been developed using an approximation in which aggregates are treated as support scale, avoiding the characterisation of their complex internal topology. The level of structuring in aggregates as a whole is characterised by the microstructural void ratio em.
Equation 3, a one-to-one model based on the formulation by Zhang et al. (1995) , is proposed for use in defining this macroscopic variable. Although this formulation was originally proposed for gels of oriented clay particles in which the void ratios were considerably larger than those usually found in compacted bentonite aggregates, the analysis of the data obtained from Montes-H et al. (2003b) However, without underestimating the importance of the results obtained, caution is advised concerning the range of applicability of this constitutive framework. It would be useful to improve the range of its validity by analysing a larger number of experimental results. Unfortunately, the data needed for this type of analysis are currently very scarce, which is why more tests such as those conducted by Montes-H (2005) and Montes-H et al. (2003a; 2003b; 2005a; 2005b) are needed. This is particularly true if tomographic techniques are used to obtain 3D data of the volumetric behaviour of bentonite aggregates.
